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Executive Summary

The Massachusetts and Rhode Isl&@ndgram Administrators (PAs)mmissioned Cadmus aitd
subcontractors, Navigant and Tetra Tegthe evaluatiorteam) to conduct aim situevaluation of
ductless minisplit heat pumps®MSHPs The evaluation team initially planned to study 132
Massachusetts homes that participated in the COOL SMART PrognarRAd)owever, extended the
scope of work to include 20 Rhode Island homes that participatéukiidigh Efficiency Heating and
Cooling Rebate Program.

Research Objectives

The evaluation sought to address many utility and consumer questions about DMSHPs, focusing on
power and energy consumption, heat output, efficiency, and interactions exitstingHVAC equipment.
Thespecific researchjuestionsfollow:

1 How much energy is being saved with the average installation of a DMSHP through the
programs?

1 What are the relevant baseline equipment configurations and associated energy consusnption
and load shaps?

9 During each season, when are DMSHPs operating, how much energy are they consuming, and
how much heating and cooling are they providing?

1 How does DMSHP performance correlate with rated capacity, rated efficiency, and ambient
conditions?

How do coleclimate DMSH®and standard unit performances compare?
How does unit sizing affect heating performance?

How do DMSHPs interact with central heating systems?

What factors limit the use and performance of DMSHP

=A =4 =4 4 =

Are programcontractorssizing DMSHPs propg?

Sample Design
The evaluation team usetie followingparticipant parameterso stratify program populations into
keygroups:

1 Coldclimate or noncold-climate unit site$

1 DMSHP manufacturers offer unitsat claimhigh performance at very cold (below 0 °F) outdoor ambient
temperatures. The evaluation teaused the Efficiency Vermont Technical Reference Manual thatumasnt
RdzNA y 3 (pkshingiphakeRté i@eatify coldimate units As the report shows, uts not characterized
as cold climate can operate @t°F although there are not the same claims of high performance at very cold
temperatures.
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1 Single or multi-head unit site$
1 Installed by the largest vendor or by aether contractors

Ly O2ftftlF02NY A2y 6AGK S@lfdad GdA2y aibl(1SK2f RSNAZ (K
outset, and then used them to inform sample targets during the participant recruiting process. Initially,

the team designethe sampling baed ona | & & I O K dzac80dipioGrantpopulation, but later

SELI yRSR (KA& (2 AyOftdzRS al aal OKdza S &dizpegramn mn  LINE 3
population. Massachusetts participants from the 2014 program year did not receive online s(iieey

the study addedthem after the surveys had been complefeth 2015, aseparate Rhode Island survey

examina the similarity between Massachusetts and Rhode Island populatidris soughto justify the

application ofthe study results to the Rhode Island populati®@mple sizewere determinedby the

PAsand the evaluation tearwith a target of 9020 confidence and precision for each stratum, assuming

a coefficient of variation of 0.Table EQ details these program populations, agasured by

participant surveysprogram tracking dataand collected evaluation data.

Table ES. Program Bpulations Strata

MA 201%; MA 2014 RI1 2013 Study Study Sample]  Study
Sites 2013 Program|  Program Program Sample Participant Sample
Participant Participant | Participant | Participant Planned Participant
Share Share Share Share Target Count
Coldclimate unitsiteg? 41% 15% 22% 51% 34 78
Non-cold-climate unit sites 59% 85% 78% 49% 34 74
Singlehead unit sites 48%  Unknowr? 73% 50% 34 107
Multiple-head unit sites 52%  Unknown 27% 50% 34 45
Installed _by largest (MA) 13% 29 0% 28% 34 43
vendor sites
Installed .by all other 87% 93% 100% 72% 34 109
vendor sites
Population Total 3,229 1,055 507 n/a n/a n/a
Sample TotdP 112 20 20 n/a 135 152

WAIl coldclimate unit sites contained singleead units only.

@Because2014 Massachusetts participants were not surveyed, these wata not readily available for the total
program population.

®Many categories overlgproducing a stratéotal greater than theoveralltotals.

2 A DMSHP consist of an outdoor unit that serves one or more indoor heads that deliver heating and cooling.
Simgle-head units have one such head; miilgad units have more than one head.
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Figure EQ shows the locations of studied homes and systems in Massachusetts and Rhode Island.

Figure ES. Locations of Sampled Residences

o= Seayifiors
2

TableES2 shows the averageameplateattributes of DMSH®metered at the 152 sitedJnits averaged
about 1.3 tons and just over 20 SEER and 10 HSPF.

During the pilot phase isummer 2014, e team initially installed metering equipment at 30 sites. The

team then installed metering equipment at 102 sites during fall 2014&atite remaining 20 Rhode

Island sites in January 2015. During spring 20tBe homeowners sold theirdmes, andthe team

removedmeters prior to closingdnitially, the studyplanmnedto remove all meters in fall 2015, hus

winter 20142015 experiencedan unusually largeamountsnowfall that buried many outdoor units, the

study sponsors decided a portiof meters should be left in for winter 2018016. In fall 2015, oughly

45 Massachusetts sites were remoyéue remaining 85 were removed in spring 20164 G KS Of A Sy (i ¢
request, the team removedllameters onRhode Island sites in late fall 2015.
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TableES2. AverageNameplateRatingsfor Outdoor Units

Average Average
AverageRated g g

Sl SsaEly Ratgd Ratgd Average | Average | Average
System e e Heat|.ng Heatl.ng Rated Rated Rated
Category at 9B Capacity at| Capacity at| EER SEER HSPR
[Btu/h] 47°F 17°F [Btu/Wh] | [Btu/Wh] | [Btu/Wh]
[Btu/h] [Btu/h]
All 152 16,435 19,491 11,426 13.2 20.6 10.3
Cold Climate
Units (CC) 78 14,680 17,985 10,409 13.8 22.3 11.0
Non CCmulti 45 20,444 23,484 13,682 12.4 17.9 9.2
Non CGingle 29 14,414 17,268 10,632 12.7 20.3 10.2

(MCapacity is measureger Air-Conditioning, Heating, and Refrigeration Instit@éHR) guidelines for various
outdoor temperatures: 95 °F, 47 dnd 17°F.

@EnergyEfficiency Ratio @ equalsthe cooling heating provide@in BT\$),divided by the power consumption in
wattst essentiallythe coefficient of performanc€éCORtimes 3.4121t is tested atan outdoor temperature of
95°F and an indoor temperature of 80°F.

@®)ssasonal Energy Efficiency Rati&ERequalsthe cooling heating provide@in BT\$), divided by the power
consumption in watts essentiallythe coefficient of performanceCORtimes 3.4121lt is tested at outside air
temperatures ranging from 67°F to 95%Ath the lower temperatures weighted more heavily, and is meant to
represent seasonal performancéhe indoor temperature is set to 80°F.

“Heating Seasonal Performance FactoBRfequalsthe heating providedin BT($),divided by the power
consumption in watts essentialljthe COP times 3.418.is tested at outside air temperatures ranging from
17°F to 62°Fand represens seasonal performance. The indoor temperature is set to 70°F.

Findngs

Analysis Notes

This report uses anybox and whisker plographs The boxes showrange of data from the 25to the
75" percentile otherwiseknown as the " and 3¢ quartiles. Theniddle line in each box is the median
data point or the 50" percentile.Half of the datdie above this line and hatéll below. The lines
extending above and below the boxes represent the uppé&babd lowest 2560f the

data, respectively.

The evaluation team based all enengseO I £ Odzf | ( A 2 ¥y & meayingtheicaldul&tibns Gig/nStNH & >
includeline losses and energyenerationlossesComparecenergy costs energy costs at the site or
metert represent the amount paid by the consumer.

In all the study meteredl52 homesOfthese nearly allpower meter fies weresufficientlycomplete

for a basic analysihisstudyQ & | y | f Based én canthdiBogging of BTUs and COReter

this effectively,meter setshadto concurrently log total power, fan amperage, supply temperature and
relative humidity RH, and return temperature and RH.these parametersvere not meteredfor a

period, BTUsould notbe calculated for that periodConsequentlysample sizes (n) shown in the graphs
were lower than152 Similarly 85 sites metered fowinter 20152016 resuted insample sizes lower
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than 85 for the secondconsecutivawinter. Neverthelessasthis studyrepresentsthe largestDMSHP
study completed to datghe net sample sizgsrovidea broad and detailed vieaf DMSHRperatiors.

We present results for twavinters: 2015 where near historically deep snowfalls buried many units for

up to 1 month and 2016 which was warmer and had little snow. Because the units were buried and not

fully functional for 2015 and because this is not likely t@ceur, we recommeth using the winter 2016

NBE & dz (aod 20K gAYUSNDRDA NBadzZf 6a NS aK2gy (GKNRdAzZAK

Operating Hours

Table ES shows simple rustime hours for metered DMSHRwith a unit logged as running if its power
draw exceededa threshold standby power of 60\Wooking at the nominal heatyseason, the average
unit ran about 27% of the tim&93 hour$ during 2015 and about 24% of the time (703 hours) during
2016 Note that an operating houdiffersfrom a fullload hour in that an operating hour simply means
that the unitremainedon at some capacityyhereas a futload hour indicates the unian at full
capacity

Table ES3. Observed Ruiiours for Nominal Heating and Cooling Seasbns

Operation (Days) (Hours) Runtime Hours
Winter 2015 DecembefMarch 121 2,904 27.3% 793
Summer 2015 JuneAugust 92 2,208 19.4% 428
Winter 2016 DecembesMarch 121 2,904 24.2% 703

*These observed run timesddressperiods where the uniirew more than 60W (norstandby).

Equivalent Full Load Hours

Table E® shows the average equivalent full load hours (EFLH) across all units for two Iseatiogs
and one cooling seas@tudied compaingthese values with those prescribed in thassachusettand
Rhode Islandechnical Reference Manuals (TRMad the averages of the top 25% of sites in the study
Values for the two heating seaso(#42 and 451)emaired consistent with the valu¢447)presented in
0 KA A& Q@ciobeRI®, Qa1 SHeatingMemorardum, but differed from the current1,200TRM value
The summer valu€18)wasroughly 15% lower than the value shown in BeolingMemorandunt
(distributed in February 2016 and finaliz€&59)on May 2, 201§ anddiffered from the 360 TRM value
Thisreduction in average coolifgFLHNES & dzf G SR ¥ N&s¥ ofsitekspesific tidcal2 NI Q &
meteorological yearMY) data, in contrast to statewide TMY data used in the measowell ashe
evaluation team filteing out energyusagethat consumedpower bu did not providecooling.The right
most column of Table ESshows theaverageEFLH of the units in tiep 25" percentile Thesevalues
are at or above the TRM values.

3 Cadmus Grouuctless MinBSplit Heat Pump Draft Cooling Season Residisuary 22, 2016.




Table ESl. AverageEFLH

Season a2l 2014R' Average | Average of Top 25% 0
MA TRM Study EFLH Measured EFLH

Winter 2015 1,200 1,200 1,275
Summer 2015 360 360 218 499
Winter 2016 1,200 1,200 451 1,117

This study produceBFLH lower than values indicated in the applicable Massachuset®Rhau# Island
TRMs for conventional heating and cooling systéeng, gasfired furnacesgcentralair conditioning.
These variancesccurred for the following reasons

1 Not all unitswere used routinely for each season.ay units werelightly used(or not used at
all) for heating or coolingFigure ER illustratesthis behaviorwith the bottom of the box
indicating the 2% percentile ofthe hourrange at or very near zero for winter 2015.

f  Many unitsremainedoff duringli K S & da6deSpeddds.

1 Some units in heating mode operakeoincidently with primary systemgany of whichwere
fossil fuelbased.

1 Systemswveresized larger than the cooling needs of the immediate spHuey servel, as
discussed latein the report.

1 The units operted at some level for 1%to 27%o0f the time for the two winter and one summer
season, and were off or on standby for much of the tifie@bleES2). Comparing the EFLto
the total operating hours one can see that the units operah average at about 56% and 64%
of capacity for winter 2015 and winter 2016 and at about 51% of capacity for the summer.

1 TRM sources for legacy EFLH vatmeddbe inappropriate foDMSHPsThe cooling EFLH value
(360)wasbased on a 2009 study of central air conditioners. The heating EFLH1,2id@)was
a2dz2NOSR FTNRY | dal dal OKdzaSdGda /2YY2y | aadzYLJiAz2
equipment. Both legacy valueppearhighrelathd (G2 (KA a aidzRiy@e FTAYRAY I3
theory thathomeowners use®MSHPs differeit than conventionalheating or
coolingequipment.

1 TheaverageELFH of théop 25" percentileof units have values close to or above the TRM
values.
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Figure EQ. DMSHP EFLH vs. Season*
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*The blue boxes delineate first and third data quartiles. The lines (whiskers) indicate upper and
lower quartiles. The plus symbols represent outliers (points greater than or less than 1.5*(Inter
QuartileRange), where the IQR equals the distance between the first and third quartiles).

Figure ES more closelyexamines this variatigrshowingthat units boughtfora 6 2 i K KSF GAy 3 I yR
O 2 2 f weng @eéd much more for heating than units where users identified their purchasior

GO22f Ay3a 2yf e dé 2 thaiwiRe2065nand units bparatéd myra dffiBiéhtNdduring

the formerseason, resulting in lowdFLH for usersintemyd 6 2 i K KSF GAy3a +FyR 022t Ay
HAaMc X dzyAG& LIZNOKIF &SR F2N) a022tAy3 2yteé¢ alg a2YS$8
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Figure ESS. DMSHP Usage vs. Purchase Intent and Season
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Table ES shows average savings per DMSHP by season and baseline sydteereviduation team
expected, homes heated by electric resistanealized the highest savingsie lowestsavings werdor a
DMSHRHSPF = 8.Z)hree columns presemnergy use and savings:

1 Bectricity consumed by the DMSHP
1 Energysaved by heat provided by the DMSHP
1 Net energy savings afteubtractingDMSHP electric consumption

Qredit was nottaken for the reluction of energy used by a conventional furnéaeor boilerpump. This
assumption is conservative because there is likely some reduction in fan and pump use, however,
without a pre post study of DMSHP use it is difficult to discern the redudfinaverage, a standard
boiler pump uses about 120 kWh per ytand a fan uses about 440 kWter year for heating. Where a
DMSHP can be used as the primary source of heating, this electricitpulskbe substantially reduced,
increasing savings and decregsDMSHP net electricity use.

4 Forthcoming Cadmus boiler pump study for National Grid. 2016.

5 Air-Conditioning, Heating & Refrigeration Institute (AHRI) avera@g5¥W 1,000 CFM. At 1,200 CFM and
1,000 runtime hours, this is 438 kWh.
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Savings
For electric savings, treudy usedactualDMSHRerformance decrementingi KS o6 a St Ay S dzy A i
STFAOASY O FTNRBY Ada yIYSLEXFGS NIYGAy3 o0& (GKS &l Ys
differed from its ratirg. Cooling savings increaseith lower efficiency baseline§avingscalculations

relative to a central air conditioner baseline inclade15% duct lossdecreaingli KS OSy el f

efficiency.Table E® shows demand savings.

dzy A G

Table ES. Energy Savingsy Season and Baseline System

Electric Usage Baseline .
Season Baseline System of DMSHP Energy et E.nergy Pre0|§|on =
: Savings Confidence%]
[kwh] Reduction
90% AFUE Furnd®e 683 4.87MMBtu | 2.54 MMBtu 37
85% AFUE Furnd®e 683 5.16MMBtu = 2.83 MMBtu 36
Winter 82% AFUE Boiler 98 683 4.54MMBtu = 2.21 MMBtu 39
2015 HSPF 7.7 DMSHP 683 907 kWh 224 kWh 21
HSPF 8.2 DMSHP 683 851 kWh 168 kWh 21
Electric Resistance 683 1,092 kWh 409 kWh 48
EER 9.8 Window AC 159 213 kWh 54kWh 15
Summer, SEER 13.0 Central A 114 159 288 kWh 129 kWh 14
2015 SEER 13.0 DMSHP 159 245 kWh 86 kWh 14
SEER 14.5 DMSHP 159 220 kWh 61 kWh 15
90% AFUE Furnace 763 6.9MMBtu 4.3 MMBtu 37
85% AFUE Furnace 763 7.31MMBtu 4.7 MMBtu 36
Winter 82% AFUE Boiler 60 763 6.44MMBtu | 3.83 MMBtu 37
2016 HSPF 7.7 DMSHP 763 989 kWh 226 kWh 22
HSPF 8.2 DMSHP 763 929 kWh 166 kWh 23
Electric Resistance 763 1,547 kWh 784 kWh 42

@ Duct losses assumed 15%.
@Baseline efficiency prescribed by relevant Massachusetts (2013) and Rhode Island (2015) TRMs in force
when the studybegan.

6 Massachusetts Technical Reference ManR@l ;2015 Program Years, HV\B0ct Sealing, assumed
baselineefficiency.
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Table ESS. DemandSavings by Season and Baseline System

Electric Baseline Average Peak| Precision at
: Sample| Usage of Power Period 90%

Season Baseline System : .

DMSHP | Reduction Demand Confidence
[kw] [kW] Savings [kW] [%0]

90% AFUE Furnace 0.21 0 -0.21 33
85% AFUE Furnace 0.21 0 -0.21 33
Winter 82% AFUE Boiler 98 0.21 0 -0.21 33
2015 HSPF 7.7 DMSHP 0.21 0.28 0.07 22
HSPF 8.2 DMSHP 0.21 0.26 0.05 22
Electric Resistance 0.21 0.33 0.12 43
EER 9.8 Window A( 0.11 0.15 0.04 16
Summer SEER 130entral AC 114 0.11 0.20 0.09 15
2015 SEER 13.0 DMSHF 0.11 0.05 0.06 15
SEER 14.5 DMSHF 0.11 0.07 0.04 15
90% AFUE Furnace 0.25 0 -0.25 34
85% AFUE Furnace 0.25 0 -0.25 34
Winter 82% AFUE Boiler 60 0.25 0 -0.25 34
2016 HSPF 7.7 DMSHP 0.25 0.33 0.08 24
HSPF 8.2 DMSHP 0.25 0.31 0.06 25
Electric Resistance 0.25 0.58 0.33 38

To examine the practical potential savings achievable by DKIS&¢E more frequently, thevaluation
teamtook sites in the top 25%ased on saving3.able ES and Table E® showsavings for this
subpopulationUsage andavingswere much highethan the meanas one would expect
mathematically In practical termsthesewere savingsexpeced upon removingunits lightly used or not
usedfrom the population

10
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Table ES. Energy Saving&achBaseline Applied to All Site§op 25%

Electric

_ Baseline
Baseline : Usage of
Season Sample Size Energy
System LSl Reduction
[kWh]
0,
90% AFUE 1,414 14.7MMBtu
Furnace
0,
85% AFUE 1,414 15.5MMBtu
Furnace
0,
82% AFUE 1,414 131 MMBtu
. Boiler
Winter 2015 HSPE 7.7 25
. 1894 2 kwh
DMSHP * .
HSPF 8.2
1,894  2,382kWh
DMSHP * =
Electri
e_ct“C 1,414  3,287kWh
Resistance
EER 9.8
Window AC 58 dodkin
SEER 13.0 371 663kWh
Summer Central AC 29
2015 SEER 13.0
P 363 556kWh
SEER 14.5
2 468kWh
DMSHP > °
% AFUE 18.
90% AFU 1,566 8.68
Furnace MMBtu
850 AFUE 19.78
Furnace 1568 MMBtu
829 AFUE 17.43
. Boiler 1968 MMBtu
Winter 2016 HSPE 7.7 15
. 1,862 2,433 kWh
DMSHP
HSPF 8.2 1,761 2,184 kWh
DMSHP
Electric
>Clr 1,566 4,188
Resistance

Similarly,Table E® shows demand savings for the top 25% of sites.

Average Energ

Savings

9.84MMBtu

10.70MMBtu

8.86 MMBtu

642kWh

488kWh

1,873kWh

126kWh

292kwh

193kWh

136kWh

13.34MMBtu

14.44MMBtu

12.09MMBtu

571kWh

423kWh

2,622kWh

Precision at
90%
Confidence
[%]

22

22

22

10

11

24

12

11

12

14

30

30

31

13

15

33

11
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Table ESB. Peak Demand SavingBaselineApplied Based on
Survey Responses and Existing Systems, Top 25%

Electric Baseline Average
Baseline : Power Peak Period
Sample Size| Usage of .
System DMSHP [KW] Reduction Demand
[kwW] Savings [kW]
0,
90% AFUE 0.47 0 -0.47
Furnace
0,
85% AFUE 0.47 0 -0.47
Furnace
0,
. BZA.AFUE 0.47 0 -0.47
Winter Boiler -
2015 HSPF 7.7 0.62 0.82 0.20
DMSHP ’ ’ ’
HSPF 8.2 0.56 0.70 0.14
DMSHP ’ ’ ’
Electric
. 0.47 1.02 0.55
Resistance
EER9.8 0.24 0.33 0.09
Window AC ’ ’ ’
SEER 130 0.25 0.45 0.20
Summer Central AC 29 ’ ' '
2015 SEER 13.0 0.23 0.36 0.13
DMSHP ’ ' '
SEER 145 0.22 0.31 0.09
DMSHP ) ’ ’
90% AFUE
0.54 0 -0.54
Furnace
85% AFUE
0.54 0 -0.54
Furnace
82% AFUE 0.54 0 0.54
Winter Boiler 15 ' e
2016 HSPF 7.7 0.61 0.80 0.19
DMSHP ’ ' '
HSPF 8.2 0.61 0.76 0.15
DMSHP ’ ’ ’
Electric
. 0.54 1.64 1.1
Resistance

Precision at
90%
Confidence
[%0]

18

18

18

13

14

19

13

11

12

13

25

25

25

12

15

26

12



Using baseline weightifigom the previously publishedaBelire Memorandum, the evaluation team calculated average weighted savings for each of the three
studied seasons, both for a single and specific baseline, as shd@blmES® ¢ KS GSN¥a a{Ay3IftS .IaStAySé |yR a{ L
methodologies used in calculating savings; the former averages DMSHP usage across all participants avariaplieselineto the result, and the latter
calculates savingssing survey responsegdicating participant specific baselingsenerally, winter 2016, with data unaffected by the large snowfalls of 2015,
realized higher savings. Specific baselines showed savings similastanewhat higher tharsingle baselingsbutat poorer (higher) precisions

Table ES. Weighted AverageSavings, Fuel Switching

SingleBaseline SpecificBaseline
Population | Expected Pop. Expected
Baseline | Base| Efficiency| Savings ) Baseline | Precision| Sample| Mean : with Baseline | Precision
System . Metric Units i Baseline | Savings Size | Savings Baseline | Savings [%]
[kWh] [%6] [kwh]
Furnace 0.85 AFUE | MMBtu 2.83 829 13% 108 36 10 1.62 475 13% 62 109
g Boiler 0.82 AFUE | MMBtu 98 2.21 648 35% 227 39 27 2.83 829 35% 291 68
a ER 1 COP kWh 409 409 4% 16 48 3 398 398 4% 15 334
% DHP 7.7 HSPF kWh 224 224 48% 108 21 37 163 163 48% 78 41
Sl \Veighted 100% 458 31 100% 446 71
Total
Window
o Ac 9.8 EER kWh 54 54 17% 9 15 9 93 93 17% 16 33
S CAC 13 SEER kWh 114 129 129 13% 17 14 7 95 95 13% 12 50
E DHP 13 SEER kWh 86 86 70% 61 14 38 103 103 70% 72 26
<
ol WWeighted 100% 86 14 100% 100 30
Total
Furnace 0.85 AFUE | MMBtu 4.70 1378 16% 218 36 6 3.05 894 16% 141 103
g Boiler 0.82 AFUE @ MMBtu 60 3.83 1123 37% 414 37 14 6.17 1808 37% 666 82
oY ER 1 COP kWh 784 784 5% 41 42 2 1778 1778 5% 94 35
*g DHP 7.7 HSPF kwWh 226 226 42% 95 22 16 176 176 42% 74 55
S \Veighted 100% 768 31 100% 975 71
Total

13



Table EQ0shows norfuel switching savinghat arelower than fuel switching savingecausebaseline DMSHP savirg® lowerthan fuel heating savings.

Table EQ0. Weighted Average Savings, Ndfuel Switching

Singlebaseline Specific baseline
Population | Expected Pop. Expected
Baseline | Base | Efficiency| Savings . Baseline | Precision| Sample| Mean with Baseline | Precision
System . Metric Units [ Baseline | Savings Baseline| Savings [%0]
[kWh] [%6] [kWh]

g ER 1 COP kWh 98 409 409 8% 31 48 3 398 398 8% 30 334
s DHP 7.7 HSPF kwh 224 224 93% 207 21 37 163 163 93% 150 41
(] .
= \Veighted 100% 238 23 100% 180 63
= Total

Window
g AC 9.8 EER kWh 54 54 17% 9 15 9 93 93 17% 16 33
% CAC 13 SEER kwh 114 129 129 13% 17 14 7 95 95 13% 12 50
E DHP 13 SEER kwh 86 86 70% 61 14 38 103 103 70% 72 26
gl WWeighted 100% 86 14 100% 100 30

Total
= ER 1 COP kwh 784 784 11% 87 42 2 1778 1778 11% 198 35
% DHP 7.7 HSPF kwh 60 226 226 89% 201 22 16 176 176 89% 156 55
(] .
= \Weighted 100% 288 25 100% 354 53
= Total

14
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Cold Climate Performance

DMSHP manufacturers offer units with claims of increased performance at very cold outdoor ambient
temperatures in raltion to standard unitsThis report characterize&ktS & S I-Gf A2 RE dzy A G a |
othersk & a i Y R kcod® f 2A NInisyFBey/evaluation team used the Efficiency Vermont TRM,

currentR dzNJ y 3 planiingzhasgd identify coldclimate units DMSHP manufacturers continue to

offer new units with claims of increased performance at very cold outdoor ambient temperatures.

Curently, various makers claim DMSHPs offer 100% capacity at 20°F or at 5°F (depending upon how

they are rated) and operate down td5°F.

Figure E® andFigure ES present CORSplotted for coldclimate and norcold-climate units against
outside ambient temperaturefor winter 2015 and winter 2016respectively Each data point
representsaveragel performance from many unitdn terms of HSPF he rated differenceswere 1.55

for winter 2015 and 1.24 fowinter 201& equivalent to a COP difference@#3 and0.36,

respectivel§. Thisdifference would average across the seas(seethe keys forFigure E® andFigure
ES5). Data forwinter 2015 already notedfor deep snowfalls that buried many unitsndicated
separation of efficienciesnly at temperatures below 40°Fhe COPseparationgrewto about 0.5 at 0°F.
For winter 2016 without snowfall issuesseparation of efficiency curves for the entirenge of outd@r
temperaturesgrew from about 0.4 at10°F to about 1.0 at 50°Fhesedifferenceswere consistent with
HSPF ratings and appedtto show efficiencyadvantagescross theemperaturespectrum.

Theratingsdifferencealso wasonsistent with commentthe evaluationteam heard from engineers at
amajormanufacturer theystated that coldclimate units were of higher quality and featured more of
the newest technoloigs. As coldclimate units drew the greatestustomer demand, thengineers
reasoned that putng more effort and innovation into coldlimate modelsnade sense

Notably,observed norcold-climate models operated at outdoor ambient temperatures below 0°F, but
at lower efficiencylevelsthan coldclimate modelslt is dfficult to separate improved coldlimate
performance from overalhigher seasonahtings The 152 unitsneteredthrough thestudyand

installed prior to summer 2014 had an averdge3HSPFcold-climate units had an averagd HSPF.
Today units offerHSPFap to 14.

7 For electrical resistance heating, the COP is 1.0; for fuel heating, it is equivalent to system efficiency
(0.7 t00.9).

8  Delta_HSPF = 10.8B.57 = 1.24 Btu/Wh. Delta_COP = 1.24 Btu/Wh * 1/3.41 Wh/Btu = 0.36

15
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Figure E®. AverageHeatingCORvs. Outdoor Air Temperature for
ColdClimate and NorColdClimate Systenms Winter 2015
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Figure ES providesa two-dimensional map of electiity andfuel prices A blue circle indicates average
energy prices fowinter 2016 a redtriangleindicates energy pricing for winter 201Bhe topographical
stylelines show a third dimensiothe temperature breakpoint above which a DMSHEIRss expensive
to operate than an alternativeuel-fired heating systenfor exampleif the temperature breakpoint
was30%F,above this temperature the DMSHEMore economial to operate below this temperature
the alternate heat sourcprovedmore ecaomical to operateThe evaluation team derived these
contours from averages of measured efficiencies for all types of DMSHP systems.

The temperature dependenaesulted fromDMSHP&lecreasingfficiency at lower temperatures:or

naturalgas,the figureshowsatemperature breakpait above70F for either winter, meaning a DMSHP

would essentially never beosteffective, comparedwith an80% efficient heating systefThis

effectively means a DMSHIBesnot offer a viable direct replacement forgasF A NBR aeaid Sy G
energy prices.

The figure also showstemperature balance point about 3Efor an oilfired systemin 2016 and 12F
in 2015.Both winters indicate a propangalance poinbf -15°F meaninga DMSHRvould alwaysbe less
expensie than the propane option.

Figure ES shows the same analyslsut addressesinits listed as cold climat&hese units operate

somewhat more efficientlyand the ecmomic balance points shift to colder temperatures,emdngas

balance poirg wereat or above 58°F foboth winters. OiHired system® o6 £ | y OS26PBfok y 1 & 6 SN
2016 and 8°F for 2013 hese values do not accouiar zonal savingd=or example, if a homeowner

could use DMSHP to heat 30% less of their home, that temperature balance point would drop by 20°F

or more.

%  Here, efficiency means systemieféncy, inclusive of duct losses, and furnace fan and boiler pump energy use.
It is lower than the rated or measured combustion efficiency.
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Figure ES. Operational Break Point Temperature of Heating with DMSN¥Winter 2016, AlUnits
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Fuel Rate
#2 0il [$igal]

Figure ES. Operational Break Point Temperature of Heating with DMSHP,

MNatural Gas [$/therm]
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Discussion

In generalthe evaluation teanfound DMSHPs operated in highly variable wagsulting in widely
varying hours of use, power usend savings among unitSome variatiomesulted fromvariablespeed
desigrs, butthe larger factor appeardto bethe wayusers chose to operate their equipmeiite
following discussion addressessults from cooling, heating, arafficiency ratings

Cooling
Theevaluation team determined aaverage EFLH coolimglueof 218 well below the 36ehour value
assumed in the Massachusetts and Rhode Island TRMs. Units often operated at low cameity or
were turned off for periodsThefollowing elements contributedb the low EFLH:
T 'yAida a2YSGAYSa 2LISNI S RIndryymodeSHe droar BriitoivarS NJ 2 NJ & R
coiltemperaturesto induce condensation formatiohe unitthen operates thdan onits
lowest speed setting to naxcessivelglecrease temprature in the space

Some unitghat cooled a seldomused spacevereturned on only when needed.

AsDMSHP units experieng@either duct lossesor insufficient evaporator airflow (as some
central air conditioning units might), they providéhe samecoolinglevelwith fewer EFLHThat

is: central air conditionescan lose efficiency at the air handler due to low airflow, and then lose
more energy through duct leakage well as througheat losses and gains as ducts pass
throughunoccupied spaceR2MSHBdo not experience these losses.

1 On average, nits were sized to provide abo@t6 times thedesigrcoolingload calculated using
Manual JThiscould result fromcontractors sizing DSMHRits to meetlargerdesigrheating
loads. Units also may bdesigned to cool adjacent spaehen doosto acooled roomremain
open.

1 TRM sources for legacy EFLH values may be inappropridd8HPsthe cooling EFLH value
wasbased on a 2009 study oéntral air conditioners.

Given these factorghe evaluation team found unsurprisinghat the average EFLfidr coolingfell
belowthe TRM valuesA low EFLMould reduce savingsalculated bythe TRM equationbut not
necessarilynean reduced savingsor exampleif | dzgiZeieltb 50%the EFLH would roughly
double but the TRM equation would yield the same savings

2 (EFLH)* 0.5 (Capacity) = EFLH * Capacity

Theteam based the abovsavings discussions on providing identical codmgunts,but at varying
efficiencies (i.e.an air conditioner with an effectivé6 SEERoulddeliver cooling with 75% of the
energy as an air conditioner with an effectd/2 SEER).

In many cases, DMSHPs gwoedadditional savings beyond simpgyovidingmore efficient air
conditioningfrom a purely mechanical standpoifite. zonal savingsJherefore, theymaybe providing
higher savings than indicated by comparistmbaselines. Athe report addressesEDMSHPs were
installed at a rate of approximately 1 toncdpacity per 1,043 s.f. of home floor area. This védfer
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lower than typically observed for central air conditionddsers frequently shut ofdPMSHPslue to
unoccupiedoomsor mild outdoor temperaturesThereby DMSHB can deliver zonal savings by
performing less coolingMSHP alsoanrun in dehumidification modg further reducing the need for
cooling.

When considering new construction progranDMSHRBpotentially coulddeliver savings from zonal
behaviorswhenhomeownesfully coolonly a portionof their hauses Typically, entral air conditioners
do not offer this optionfo cool one roomhomeownes must cool their entire house In contrast, a
DMSHP can cool one room at a time.

Forthis study, the majority of DMSKRerved athe only coolingsource Homes cooled solelyith
DMSHPsised an average d94kWhfor the cooling season, including standby powdsing the
Massachusetts TRM valuefor OSy (i NI f I BFINJ (3B@ h6iRs), @ hothg vbNdLse
approximately 830 kWh/season for a 2dn unit, and about YO0kWH season for a 2on unit. This
strikingdifference(830¢ 1,000 kWh vs. 194 kWh)ygues for investigating marketing and incentivizing
DMSHP units amnalternative to central air conditionetig new construction.

Heating

Thestudy found a heatingFLHalue ofroughly450hours.In nearly all cases, observed DMSHP units
provided heat coincidentally with other systems. In most cases, DMSkivedas secondary systems
either to provide heat for a single space or to provilgplementaheatin addition toa primay

system

Theoperationalcosteffectivenesgo a homeownetusinga DMSHP for heating depesdion alternative
heating systerg energy prices for a given period, and outside air temperau®empared against
electric resistanceind propaneheating, the DMSHprovedmore costeffectiveon average foell
outdoor air temperaturesypically observed during winters in Massachusetts anddelsland

For oitfired systems, the relative energy price determirtbe tempeiature above which a DMSHP
becamemore costeffective. Current oil priceemainlow relative to historic values, bm@MSHB
provedcosteffectivein compaisonto oil. Comparedo natural gas heating systems, DMSHP rarely
provedcosteffective.This generéizationexcludesa scenario where BMSHP heats single space,
negaingthe need to turn ommwhole-house heating system

COP/SEERISPF

For this study, DMSHP usifficiencieswere directly metered for winter and summer seasons. Most
previous studies have estimated COP using metered paleee (not avery accuratdechnique) or
calculated COPs for brief periods and small quantities of uFties.evaluation tearfound unit
efficiencies varied widely by site and from period to period. average,iéld-measured seasonal
efficiencies for most units were below theated valuesalthough some units met or exceeded their
ratings. Measured SEER values below ratatlies could restifrom the following

T Some unitavere seldom used.
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1 Some homeowners useDMSHPs only to cool on the hottest daysth their resultingcooling
efficienciescloser to rated EER vakig.e.,the efficiency rating at 95°F).

1 SEER and EER tests run at specific conditiggts not fully represent actual operatianin the
SEER tesfor examplereturn airwas80°R much warmer than most homes during
coolingseasos.

1 Unitswere used for functions that reduckthe rated performance, including fafonly modes
and dry or dehumidification mode These modes may help displace cooling, fartthese SEER
calculations, simply show up as energy use withmuthdeliveredcooling.

Measured HSPF valuesuldfall below rated valuefor the following reasons:

1 Some homeowners useheir DMSHBduring very cold outdoor conditions, when the resulting
DMSHP CORaslower than its rated value.

1 HSPF testain underspecific conditions thatlid not fully represent actual operatien
Units operakd at very low capacitie@ue tolow heating needgrealizedlow efficiencies

Site conditions caused ugito run in defrost modefor long periods of time, decreasy
efficiency. The evaluation team has completed other studies that found marked difiesen
the frequency of defrost cycl&between brands.

Although fieldmeasured efficiencies generafbil below rated efficiencies, this does not mean that
manufacturers are not being forthrighthere arestipulated test procedures for cooling and head
(47°F and 175Fespectively), and any manufacturers use thirgarty laboratories for much of their
testing Hence, they verify ratedalues. A number of units performed at their edtvalues supporting
0 KS {cBrteNtiOrthatunits canoperate at rated efficiencies, andperating conditions and
behavios greatlycontribute to delivered efficienies.

The study metered units with aawveragenameplateSEER of 20.6 aiath averagenameplateHSPF

of 10.3.Further, nanufacturers continue to increase tledficiencyratings of systems they offer. The
marketplace currently offers ampperrange SEE® 33, with mary units above 255sEERManufacturers
offer DMSHP units with rateSPFs up to 1#ith many units above 1RSPF. These new units would
have deliveed cooling and heating more efficientlyan units measured for this study

Savings Values

EFLHNd savings values are basedawerages, whicincludelightly usedequipment and on therated
efficienciesof the studied equipmenfwhichare belowthat now available in the marketplagewhile
current EFLHand savings values are low relative to legacy TRM values, the evaluation team has
observed high heating usage and EFLH in northern New Englqmughbationsthat are motivated to

10 Forthcoming study of DMSHP by Cadmus in Vermont and lllinois.
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displace oil heat! Theteam recommends incentivizing the highagr efficiency levels to increase
savings, and combining incentives with contractor and consumer education. This approachetpuld
target higrer-usecustomersthat could produce savings towards the higherefid K A & savinggR & Q &
distributions

Controls and Zoning

Use of preexisting heating system®sented dactor limiting DMSH® Q fatzie&ting.Most furnaces
use singlezone systems, mednga single thermostat and a singdet pointcontroll K2 YS Q&
temperature In suchhomes if the DMSHP heabne or even two roomdhomeownersmayfind it
difficult to use DMSHPas a primary heating systeas thiswould under heatother portions ofthe
home.

Though he challengeaxtends toboiler-heated homesit might be more solvable such circumstances
becauseboilers oftensupplyseparatezones served by separatthermostats controllingeone valves or
separatesecondary pumpdn homes with individually controlled electric strip heating, primary system
canbe more readily replaced with a DMSHP.

To increas®MSHMeating use and associated savings, the zone served by the D8hStBmatch

the primary systenzone This can be accomplished by targetingrieswith zoned {.e., il or propane

fired) boilers oy installing multhead systemsThehomeowner would then sethe DMSHP

temperature settingabove the primary system thermos@ati R S I R , 34tPyFer exa®j®, i the
DMSHRveresetto 70FF 1 KS LINA Yl NBE a@aidSYQ&FOKSNX2aldl G ¢2dA R

Thissituationcouldbeimproved ifi KS 5a{ |l t Qa (KSNXAadlitBeyogfaR (G KS LINRY
communicate with each othelVhen the room was no long@ccupied set pointscould dropto lower
temperatures Thisway,the DMSHP would become the primary hiegtsystemand additional zonal
savinggouldbe achieved @ y 2 (i Fdzf f & ®hGskdpagsd (1 KS K2YSQa

Recently products from major makers of ductless systems and wireless thermostats have mad
progress irdeveloping systems that wothgether. The evéuation teamrecommend that makers of
various smart thermostats and DMSHP manufactucergtinue tocollaborate indevelopng protocols
that allowdeviceso communicate.

Recommendations

Program

RecommendationThe evaluation team recommends exploring @ & (2 AYLINR @S GKS t! a
opportunity program for DMSHPs, such as how best to encourage the installation of multiple DMSHP

heads to better match existing zones and displace primary system operattbough the EFLHs

decreased from the valuggescribed in the Massachusetts TRM, the study still finds that a modest level

11 Forthcoming Cadmus DMSHP study in Vermont.
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of savings are achievable by moving from a standard efficiency DMSHP to a higher efficiency DMSHP.
Substantially more savings could be achieved (i.e., the top 25% of sal/mg8s)yi installed DMSHPs are
operated more regularly and continuously by better matching and integrating them zonally with primary
heating systems, through better configuration design and installation and contractor and customer
education and training-orexample, contractors would focus their design efforts on specifying the
appropriate number and size of DMSHP heads to match and heat entire zone(s) rather than a single
room. Customers would then be educated on how to properly setsdepointsfor both their primary

and DMSHP heating systems, which will depend on their primary fuel type and outdoor temperatures.
Finally, establishing program incentives for the generally more efficient, cold climate heat pumps would
lead to increased program savings.

Recanmendation: The evaluation team recommendsxploringmethods fortargeting homes with
electric resistance heating for DMSHP retrafiDMSHRB willnearlyalwaysbe less expensive to operate
than electric resistancéeat, as shown by the COP of DMSHitaning above 1.@n averagdor
nearlyall outdoor temperaturesEven at very cold temperatures where sorman-cold climate units
approach a COP of 1.0, the number of hours in this condition are veryfew.to newactivities,
programand consumecosteffectiveness wouldequirereview.

RecommendationThe team recommends targeting propadeeated homedor DMSHPsAs

Figure E® andFigure ES showDMSHBalwaysoperateless expensivg than propane heating
systens. Prior to nev activities, program and consumer castectivenessand regulatory considerations
for fuel switchingwould require review

RecommendationThe teamrecommends exploring methods for addressing dileated homesTo
targetthesehomes homeownersshouldbe educated to turn ofa DMSHP during very cold outdoor
conditions(below8°Fin 2015 and belov5°Fin 2016) whenan oil-fired system wouladperate less
expensivelydepending on energy pricesd cold temperature CORS his operating schembowever,
may not appeal to all customer types, as many may not wistohwern themselveabout which heating
system to operate and when. If oil prices increase against electric energy rates, the switchover
temperaturepoint for oil to DMSHP heahay movelower, allowing continual use oA DMSHP.
Switchover poinsfor all fuel comparisons willecreaseas more efficient DMSHP units become
available Prior to new activities, program and consumer eceffectivenessand regulatory
considerations for fuel switchingould require review

RecommendationBased on largenergyusagedifferencesin DMSHRooled homaand central air
conditionercooledhomes, the team recommends examining opportunities for a new construction
measureto substitute DMSHPdor central air conditioners

Future Studies

This study provided a great deal of dakescribinghow DMSHPs actually operateNfassachusetts and
Rhode Islanthomes.These operationsaried widely among units, with some used heavily and others
used moreike appliancegurned on for shorperiods Highestsavingscould beachieed bytargeting
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homes wheresuchunits would delivegreateramounts of heating and coolifge., where they can be
installed to matchthe zoning of existing systems

Another fator in increasing DMSHP savingd be development of controls that allow ductless syssem
and primary thermostagto interact and share informatiohe evaluation team recommends either
targeting studies for new construction homes without natural gagilabale and where central air
conditioning systems would be installed; or existing homes with electrical resistance and propane
heating. Thesstudieswould help refine the best ways for DMSHP programs to achieve maximum
savings.

Other future studies codlexplorethe use ofinterfaces between learning thermostats and ductless
systemsFuture research questions inclutlee following

1 How can utilities target homaesith ahigh probability of using DMSKE® displace more heating
and coolingtherefore produing higher savings?

What potentialexistsfor new highHSPF units to displace heating
What optimal zonal and control characteristics maximize use of DBIEHP

1 For new constructiorhow largewould zonal savinghave to be toavoid installaions of single
zone centrabystem®

25



CADMUS

Introduction

Ductlessmini-split heat pumpgDMSHB) havesupplied heating and coolirtg homes across Europe

and Asidor decadesLarge housesand colder climatespartly explainthe relatively slowerdoption of
thesesystemsn the United States3arting in 20082 however, utility efficiencyprogramsin the Pacific
Northwestbeganmarketingthe technologyto North American consumegand identifyngits role in the
residentiaHVACmarket The Massachusetts and Rhode Island Program Administrators (PAs) and Energy
Efficiency Advisory Council (EE&@)sultantscommissioned this study to better understand the

impacts of DMSHPsstalled inNew England homes.

Figurel andFigure2 show a typical DMSHP system installed at a residence in Massachusetts.

Figurel. DMSHP Outdoor Unit

Figure2. DMSHP Indoor Unit

12 Northwest Energy Efficiency Alliande9 F FA OA Sy (i 5dz0Gf Saa | SFG tdzyLila 621 NYA
Last modified 2016Accessedune 30, 2016ttp://neea.org/initiatives/residential/ductlessheat-pumps
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